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Abstract A conditional sampling based on the combination of a passive tracer emitted at
the surface and thermodynamic variables is proposed to characterise organized structures in
large-eddy simulations of cloud-free and cloudy boundary layers. The sampling is evaluated
against more traditional sampling of dry thermals or clouds. It enables the characterization
of convective updrafts from the surface to the top of the boundary layer (or the top of cumu-
lus clouds), describing in particular the transition from the sub-cloud to the cloud layer, and
retrieves plume characteristics, entrainment and detrainment rates, variances and fluxes. This
sampling is used to analyze the contribution of boundary-layer thermals to vertical fluxes
and variances.

Keywords Coherent structures · Conditional sampling · Convective boundary layer ·
Large-eddy simulations · Mass-flux parametrization

1 Introduction

The organized patterns of turbulence in the convective boundary layer (CBL) have been rec-
ognized for a while, in particular by glider pilots (see Atkinson and Zhang (1996) for a review
of the different organizations). Coherent structures are a key element of the CBL and partic-
ipate strongly in the turbulent vertical transport of heat, momentum and trace species, via a
non-local transport. In climate and weather forecast numerical models, these structures are
not explicitly resolved and must be parametrized. To represent the various scales of turbulence
within the CBL, a recently-introduced approach consists in combining an eddy-diffusivity
scheme, traditionally used for the representation of turbulent eddies, and a mass-flux scheme,
traditionally used for moist convection. This new approach is now accepted as an efficient
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means of representing vertical mixing in the CBL (for example, Chatfield and Brost 1987;
Siebesma and Teixeira 2000; Hourdin et al. 2002; Soares et al. 2004; Rio and Hourdin 2008;
Siebesma et al. 2007; Pergaud et al. 2009). The mass-flux scheme accounts for the vertical
transport by coherent structures in the CBL, viz. thermal plumes, cells or rolls.

CBL coherent structures have been studied extensively in recent decades. Their main
characteristics, thermodynamic perturbations and coverage fraction have been investigated
using aircraft turbulence measurements (Lenschow and Stephens 1980; Greenhut and Khalsa
1982; Young 1988). However, such observations only describe a few particular levels in the
boundary layer. Recently, new instruments such as radars have been used to infer more glob-
ally the features of these structures: for example, Miao et al. (2006) provide information on
the upper two-thirds of the boundary layer. Observations aside, large-eddy simulations (LES)
that resolve explicitly any circulation with scales larger than 20–100 m have become a central
tool for the understanding and quantification of convective and cloud processes, and provide
full three-dimensional fields of various variables. They have been widely used for the study
of clear and cloudy boundary layers and have been extensively validated in studies of the
clear boundary layer (Schumann and Moeng 1991; Moeng and Sullivan 1994; Couvreux et al.
2005), and of non-precipitating cumulus clouds (Heus and Jonker 2008, among others).

Identification of coherent structures in observations and LES is difficult and still a critical
issue (Lenschow et al. 1980; Lenschow and Stephens 1980; Crum et al. 1987; Williams and
Hacker 1992; Miao et al. 2006) even though clouds are easier to isolate due to their visual
appearance and their positive liquid water content attribute (Siebesma and Cuijpers 1995).
Yet, characterizing the structures in the cloud-free and cloudy boundary layer is necessary in
order to link LES and mass-flux parametrizations. This implies the definition of an adequate
conditional sampling. The combination of three different criteria, as reviewed by Berg and
Stull (2004), have been used to identify the updrafts: (i) an indicator variable to define the
thermal, either θv , the virtual potential temperature, θ , the potential temperature, r , the water
vapour mixing ratio, or w, the vertical velocity; (ii) a threshold value for this indicator variable
(the standard deviation is commonly used, see e.g. Lenschow et al. (1980)); and (iii) a length
scale that constrains the geometrical size of thermals. The samplings proposed so far in the
literature have been restricted to a fraction of the boundary layer, either its lower part or the
cloudy part. The objective of the present work is to identify a sampling that characterises the
thermals from the surface to the top of the dry CBL, or the top of clouds in the cloudy CBL.
Another decisive requirement for the selection of the sampling is that it should optimize the
top-hat estimate of the turbulent fluxes.

The new conditional sampling distinguishes air arriving from the surface using an idealized
tracer emitted at the ground. This new conditional sampling (denoted CS), by characterizing
the organized bottom-up transport in the CBL, is proposed as a method to link LES and
mass-flux parametrizations.

In the following, the conditional sampling is first presented; it is shown that this condi-
tional sampling characterizes thermals from the surface to the top of clouds. The conditional
sampling is applied to thermals in a cloud-free boundary layer and two cumulus cases in
Sect. 3, and evaluated against observations and more traditional samplings. Sensitivity tests
are eventually presented in order to assess the impact of the conditional sampling specifica-
tion. A discussion on the contribution of coherent structures to fluxes and variances follows,
which highlights the potential of such sampling to the understanding of physical processes
in the CBL. A companion paper (Rio et al. 2010) uses this conditional sampling extensively
to evaluate and improve the thermal plume model of Rio and Hourdin (2008), focusing on
the representation of mixing rates.
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2 A Conditional Sampling of Boundary-Layer Thermals

Here, we present the new conditional sampling and evaluate it against other conditional sam-
plings. This sampling aims at selecting the convective updrafts, large columns of rising air
in the convective mixed layer originating from the unstable surface layer.

2.1 Definition

In the dry convective boundary layer, coherent structures are traditionally characterized by
considering variables such as total water vapour mixing ratio, virtual potential temperature
or vertical velocity. In Berg and Stull (2004) several criteria have been compared (see their
Table 1). The vertical velocity is not an appropriate variable to select coherent structures
since turbulent fluctuations inside and outside thermals may be larger than the mean thermal
updraft velocity as indicated in Lenschow and Stephens (1980) and shown in Williams and
Hacker (1992) (their Figs. 4 and 5). In the lower part of the mixed layer, Williams and Hacker
(1992) argue that the virtual potential temperature, the excess of which is the driver for the
vertical motion of thermal plumes, satisfactorily characterizes the structures. However, as
they mention, this variable only characterises thermals in the lower half of the mixed layer
since the thermal buoyancy decreases significantly above. Lenschow and Stephens (1980),
using aircraft observations over the ocean, were the first to propose water vapour mixing
ratio (r ) as an indicator of thermals, since it can also distinguish them in the upper part of the
boundary layer due to the negative vertical humidity gradient. Crum et al. (1987) also show
that r is the best criterion based on observations of thermals by aircraft and Lidar over land
as this variable exhibits a ‘top-hat’ appearance. Grossman (1984) suggested that the use of
both moisture and vertical velocity instead of a unique variable is more efficient in describing
convective cell characteristics over ocean. But they only use these criteria to describe the
lower part of the boundary layer, up to 0.25zi (zi being the CBL height). Recently, Miao et al.
(2006) used airborne radar measurements combined with aircraft flight level data to provide
thermodynamic and vertical velocity characteristics of coherent structures under clear con-
ditions up to 0.8zi . Conditional samplings to characterize cumulus clouds have also been
proposed, namely the ‘cloud’ (all non-zero liquid water content points) and ‘core’ (buoyant
ascending and cloudy points) samplings defined by Siebesma and Cuijpers (1995). As indi-
cated previously, there is a lack of a sampling that enables the characterization of coherent
structures from the surface to the top of shallow cumulus; in particular, no sampling exists
that characterizes the transition zone from the sub-cloud to the cloud layer. In addition, a
fundamental requirement is that the sampling should allow optimization of the representa-
tion of turbulent fluxes carried by thermals. The new conditional sampling presented here is
bivariate as in Grossman (1984) but uses a passive tracer emitted at the surface, instead of the
water vapour mixing ratio. The tracer is emitted with a constant surface flux and undergoes
radioactive decay with a time constant τo:

∂C

∂t
= − C

τo
. (1)

The conditional sampling is defined as follows:

x ∈ CS if sv′ > m × max(σsv, σmin) and w > 0, (2)

where sv′(w) is the tracer concentration (respectively the vertical velocity) anomaly, σsv is
the standard deviation of the tracer concentration at a given vertical level, m is a scaling
factor, and σmin, is a minimum threshold.
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As in Berg and Stull (2004), the threshold is defined as proportional to the standard devi-
ation of the tracer concentration. Using a threshold proportional to the standard deviation
induces an automatic adaptation to the intensity of turbulence, and ensures a conditional
sampling valid for many cases. A minimum threshold at a given altitude, z, σmin(z), is intro-
duced: σmin(z) = (0.05/z)

∫ z
0 σsv(k)dk. Its value of 5% of the average standard deviation

at lower levels ensures that no point is selected in a non-turbulent environment where a
standard deviation is still defined, as above the cloud layer. A null threshold is used for the
vertical velocity, and the only constraint is that the parcel must be ascending. This conditional
sampling is applied at each vertical level independently.

In the case of cumulus-topped thermals, the definition is applied up to z = zb +(zt −zb)/4
where zb and zt stand for cloud base and cloud-top height. Above that level, a cloud condition
(ql > 0 with ql the liquid water content) is added in order to select only cloudy grid points
and not air that is detrained from the cloud:

if z ≥ zb + zt − zb

4
, x ∈ CS if sv′ > m × max(σsv, σmin) and w > 0 and ql > 0. (3)

This is necessary when dissipating or mature clouds dominate, which have a larger portion
of detrained air (Zhao and Austin 2005) still characterized by a positive anomaly of the tracer
concentration and positive vertical velocity. Sensitivity to this addition is detailed in Sect. 4.5.
An additional condition could be added on the horizontal length scale of the perturbations,
as is often done for observations reported in the literature.

The conditional sampling uses an idealized tracer and is therefore not appropriate for an
application to observations. It is developed in order to provide a new tool to evaluate CBL
mass-flux parametrizations.

2.2 Large-Eddy Simulations

The large-eddy simulations used here have been performed with the LES version of the non-
hydrostatic model Meso-NH (Lafore et al. 1998). The subgrid turbulence scheme is based on
a prognostic equation of the turbulent kinetic energy using a Deardorff mixing-length scale
(Cuxart et al. 2000). The LES model has a 100- or 50-m horizontal resolution and a stretched
vertical resolution inferior to 50 m in the boundary layer (see details in Sects. 3.1 and 3.2
and for the different cases). Here the conditional averaging procedure is based solely on the
resolved fields. The subgrid scheme contributes to less than 15% of total fluxes and variances
except close to the surface (levels lower than 100 m). Sensitivity tests to the horizontal reso-
lution are presented in Sect. 4.1. To reduce statistical errors, results are averaged over a time
period varying for the different cases (30 min for the stationary case, 10 min for the diurnal
cycle cases) with 1-min sampling.

In practice, two tracers are introduced with a time constant τo (Eq. 1) of 15 min for tracer
sv or 60 min for tracer sv2. For the three cases considered in the following, the characteristic
time scale of the dry or sub-cloud boundary layer, defined by T = zi/w∗ (with zi the bound-
ary-layer height and w∗ the convective velocity scale) ranges from 9 min (for a cloud-free
continental CBL case) to 16 min (for an oceanic trade-wind cumulus case).

2.3 Conditional Sampling Characteristics

Figure 1 shows the part of the tracer concentration distribution selected by this conditional
sampling (shaded area, Eqs. 2, 3 with m = 1) at different heights, from the near surface
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Fig. 1 a Distribution of the tracer concentration in the sub-cloud and cloud layers for ARM 1430 LT. The full
line corresponds to the distribution of the tracer concentration, the dotted line to the part of the distribution
selected by w′ > σw , the dashed line to the part of the distribution selected by θ ′

v > σθv , the shaded area to
the part of the distribution selected by the CS. The thick dash-dot dark grey line corresponds to the part of the
distribution selected by the cloud sampling (all non-zero liquid water content points). The vertical grey full
and dotted lines correspond respectively to the mean value and the mean plus standard deviation of the tracer
concentration. b Vertical profiles of the total water vapour mixing ratio (full lines) and the tracer concentration
(dashed lines) averaged over the whole domain (black) or over the CS (grey). The horizontal dashed line
indicates the cloud base height

(100 m) to the upper part of the cloud layer for a continental cumulus case (from the Atmo-
spheric Radiation Measurement (ARM) in the following, 1430 local time (LT), see below for
details on this case). The part of the tracer concentration distribution selected by other con-
ditional samplings (using the vertical velocity, the virtual potential temperature or the liquid
water content) is also shown. As expected, in the lower half of the boundary layer the sampling
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Fig. 2 Example of vertical
cross-section in the 3D domain of
the selection achieved by the CS
(thick contours) for ARM
1430 LT. The thin lines
correspond to the tracer
concentration among the CS
structures. The shaded area
indicates clouds (ql > 0)
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selects the moister (not shown), most buoyant and the fastest rising points. Buoyancy and
tracer based samplings are similar in that region. The vertical velocity sampling also selects
points with lower tracer concentration due to the highly perturbed (by small-scale turbulence)
nature of the vertical velocity: this sampling does not necessarily select coherent structures,
in agreement with Lenschow and Stephens (1980). Almost all the points with sv′ > σsv (to
the right-hand side of the vertical dashed line) are selected in the lower levels, showing the
weak role of the vertical velocity condition. In the upper part of the sub-cloud layer, more
highly buoyant points are discarded as the coherent structures progressively acquire negative
buoyancy, the environment becoming warmer due to entrainment at the inversion layer. This
behaviour is amplified at higher levels.

At cloud base, the use of the vertical velocity in the conditional sampling modifies
the selection and this is enhanced when reaching deeper cloud levels. This is mainly due
to cloudy downdrafts (about 20% of the cloud cover) that are not selected by the con-
ditional sampling if the vertical velocity is also used as a constraint. In the first 200 m
of the cloud layer, about half of the selected points are not cloudy corresponding to
overshooting thermals that do not condensate. Above, not all the cloudy grid points are
selected, but this sampling is intermediate between the cloud and the core sampling. In fact,
the small grey area reflects the small cloud fraction in cumulus cases (about 5% in that
case).

To sum-up, the conditional sampling is similar to the buoyancy sampling in the lower
part of the CBL and to the cloud sampling in the upper part of the cloud layer. Moreover it
characterizes thermals from the surface to the top of clouds, providing a description of the
transition from the sub-cloud to the cloud layer. Figure 2 illustrates the vertical consistency
of the selection by this sampling (grey shaded zone) even though the conditional sampling
is applied independently at each vertical level. A visible link between thermals and clouds is
apparent, thermals consisting of the roots of clouds in agreement with LeMone and Pennell
(1976).

As shown later (see Sect. 4.6), an additional advantage of this sampling is to maximize
the contribution to fluxes and variances among the different traditional samplings.

123



Resolved Versus Parametrized CBL Plumes 447

3 Characteristics of Coherent Structures in LES

In this section, we evaluate the conditional sampling in three cases: a cloud-free CBL,
a trade-wind cumulus case, and a case of shallow convection diurnal cycle over land.

3.1 Characteristics of Organized Structures in a Cloud-Free CBL

This case is based on observations from the International H20 project, IHOP (Weckwerth
et al. 2004) and designed to represent a mostly clear growing boundary layer over land with
light winds. It focuses on the diurnal development of the boundary layer from early morning
to early afternoon of 14 June 2002, where the sensible and latent heat fluxes reach 200 and
170 W m−2 respectively. The LES domain is 10 × 10 × 4 km3, the horizontal resolution is
100 m and the vertical resolution is stretched and finer than 50 m in the whole boundary
layer. The simulation has been documented and extensively evaluated with IHOP observa-
tions (Couvreux et al. 2005).

For this particular case, structure characteristics obtained through the conditional sam-
pling can be directly compared to values deduced from aircraft in-situ measurements where
organized structures have been identified on airborne radar reflectivity, ‘echo plumes’, or
airborne Doppler velocity, ‘updraft plumes’ (Miao et al. 2006). Their sampling, based on
radar observations, presents similarities with the present tracer-based conditional sampling
since the reflectivity is thought to be due to the higher density of insects that can be viewed
as a surface tracer. These observations were recorded during three clear days of the IHOP
between 1300 and 1600 LT, representative of thermal features over the Southern Great Plains
for a clear boundary layer. Therefore they can be compared to the IHOP simulation.

Figure 3 illustrates such a comparison for the r, θ, θv and w perturbations of coherent
structures. Normalized vertical profiles are consistent between observations and the con-
ditional sampling for the IHOP simulations. Results also agree with the similarity laws of
Lenschow and Stephens (1980) (triangles) at least in the lower half of the CBL for the
thermodynamical variables. There are discrepancies in the vertical velocity profiles, in par-
ticular regarding the height of the maximum. Note that the similarity laws of Sorbjan (1986)
agree more with the LES results, with a maximum of the vertical velocity anomaly near
the middle of the boundary layer (not shown). In the upper half of the CBL, the similar-
ity laws do not reproduce the moisture excess increase nor the temperature decrease with
height due to entrainment of dry and warm air between plumes, a phenomenon highlighted
by Couvreux et al. (2007). Thermals are buoyant up to 0.85zi , slightly higher than in the
observations and than in Young (1988). They also acquire a negative potential temperature
anomaly at 0.8zi in agreement with observations, and have a maximum of vertical veloc-
ity near the middle of the boundary layer (a lower maximum, at 0.33zi , is noted when a
less restrictive sampling is used by Young (1988)). The vertical velocity decreases more
rapidly with height above 0.5zi in the observations than in the simulations, and is partly
due to the addition of a condition on the vertical velocity (see differences between the grey
full and dotted lines). This condition only significantly modifies the results in the upper
part of the boundary layer (Fig. 3). The fractional coverage (not shown) is almost con-
stant with height (slightly decreasing), varying from 0.2 to 0.13 in agreement with the
0.2 value found by Miao et al. (2006). This is consistent with results of Young (1988)
even though he found a larger coverage due to a less restrictive threshold. Therefore, the
thermodynamic characteristics of dry thermals are well reproduced with the conditional
sampling.
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Fig. 3 Normalized vertical profiles of thermodynamic (water vapour mixing ratio, potential temperature,
virtual potential temperature and vertical velocity) perturbations of coherent structures in the clear boundary-
layer derived from the CS for IHOP-2002 simulation (1200 LT in black, 1300 LT in dark grey and 1400 LT
hour in light grey) or from echo plumes (stars) and updraft plumes (diamonds) of Miao et al. (2006) (values
deduced from aircraft in-situ measurements where organized structures have been identified on airborne radar
reflectivity). The conditional sampling based only on the tracer (no constraint on the vertical velocity) is
indicated by dotted lines for IHOP, 1400 LT. The triangles correspond to the similarity laws of Lenschow and
Stephens (1980)

3.2 Characteristics of Coherent Structures in the Cloudy Boundary Layer

The conditional sampling is evaluated against the traditional cloud and core samplings pro-
posed by Siebesma and Cuijpers (1995) in the cloud layer for two cumulus cases.

The first case represents an oceanic cloudy boundary layer derived from the Barba-
dos Oceanographic Meteorological Experiment (BOMEX) and described in Siebesma et al.
(2003). For this case, the surface sensible and latent heat fluxes are constant and equal to 8
and 150 W m−2 respectively. The cloud base is located at about 500 m and cloud top at about
2000 m; 6 h are simulated and the first 3 h are discarded as spin-up.

The second case represents a growing continental boundary layer derived from the South-
ern Great Plains ARM site and described in Brown et al. (2002). It focuses on the diurnal cycle
of shallow convection, with the sensible and latent heat fluxes reaching 140 and 500 W m−2

respectively. Fifteen hours are simulated. In this case, clouds are initiated at 0930 LT (the
fourth hour) and dissipate at 1830 LT. We therefore focus on the period 1030 to 1730 LT: cloud
base ranges from 800 to 1200 m and cloud top from 1100 to 2700 m in this time period. Both
simulations have the same horizontal domain, 6.4 × 6.4 km2, and a larger vertical domain
for ARM (4 km) than for BOMEX (3 km). The horizontal resolution, 50 m, is finer than that
used in Siebesma et al. (2003), and the vertical resolution, 40 m, is similar.

123



Resolved Versus Parametrized CBL Plumes 449

0.0 0.2 0.4 0.6 0.8

coverage fraction

0

2000

h
ei

g
h

t 
(m

)

BOMEX 6 ARM 1030LT ARM 1430LT ARM 1730LT

0.000 0.002 0.004 0.006

liquid water mixing ratio (kg kg−1)

0

2000

h
ei

g
h

t 
(m

)

0 5 10

vertical velocity (m s−1)

0

2000

h
ei

g
h

t 
(m

)

__ CS
− − CLOUD
.−.− CORE
..... θv
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panel), vertical velocity (m s−1, lower panel) for BOMEX sixth hour (left profiles), ARM 1030 LT (middle
left profiles, translated to the right by respectively 0.2, 0.0015 kg kg−1 and 2 m s−1 for the different graphs),
1430 LT (middle right profiles, translated by 0.4, 0.0025 kg kg−1 and 3.5 m s−1) and 1730 LT (right profiles,
translated by 0.6, 0.004 kg kg−1 and 5 m s−1) for the CS (full line), the cloud (dashed line) and core (dot-
dashed line) samplings. The virtual potential temperature sampling (θ ′

v > σθv and w > 0) is also overplotted
up to 0.8zi for ARM hours in grey dotted lines

As proposed by Nicholls and LeMone (1980), the same thermodynamic properties as in
the dry boundary layer hold for the sub-cloud layer for these two cases. Figure 4 illus-
trates, for ARM hours, that the conditional sampling is consistent with results of more
traditional samplings for the sub-cloud layer such as the θv sampling (dotted lines) up to
0.8zi .

Figure 4 shows a comparison of the conditional sampling with the cloud and core sam-
plings for the coverage fraction, the liquid water content and the vertical velocity for BOMEX,
sixth hour, and for ARM, 1030, 1430 and 1730 LT. Thermodynamic perturbations are inter-
mediate between the cloud and the core samplings but match more with the cloud sampling
as illustrated for the liquid water content or the vertical velocity. The sampling coverage is
also very close to the cloud fraction. No discontinuity is noted at z = zb + (zt − zb)/4 where
a condition on the liquid water content is added. The coverage fraction in the cloud layer is in
agreement with observations, where typical values of 3–5% are reported by Albrecht (1981).

These three cases illustrate that conditional sampling is similar to the buoyancy sampling
in the lower part of the boundary layer and to cloud sampling in the cloud layer. Moreover,
it continuously characterizes updrafts from the surface to the cloud top.
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4 Sensitivity Tests

Sensitivity tests are conducted in order to assess the impact of the chosen criteria. They are
presented for ARM at 1430 LT where the cloud layer has its deepest extension. But simi-
lar results hold for other hours in ARM, BOMEX and IHOP. Figures 5, 6 and 7 show the
implications of the sensitivity tests for the coverage fraction and the vertical velocity. In this
section, it is also demonstrated that the conditional sampling maximizes the contribution to
the liquid potential temperature flux and the total moisture flux.

4.1 Sensitivity to the Horizontal Resolution

To evaluate the sensitivity to the horizontal resolution, the reference simulation is compared
to one with a coarser grid (100 m, as in the intercomparison, instead of 50 m). As shown
in Fig. 5 (a and b, black full and dash-dot lines), characteristics of the updrafts are similar
with less than 10% of differences. No systematic bias exists. Therefore, in the following, the
various sensitivity tests are performed with a 100-m resolution. Nevertheless, as differences
increase when analyzing fluxes and variances, the contribution to the vertical transport is
analyzed with the high-resolution simulations.
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Fig. 5 Vertical profiles of the coverage fraction, the vertical velocity (m s−1) the liquid potential temperature
flux (K m s−1) and the total water vapour mixing ratio flux (g kg−1 m s−1) for ARM 1430 LT for samplings
with various thresholds: m = 0 (black grey), m = 1 (black), m = 2 (dark grey dash-dot-dot line). The dash-
dotted line corresponds to the simulation with the fine (50 m) resolution and m = 1. The cloud (full circles)
and core (triangles) samplings are also indicated for information. For the bottom panels, the long-dashed black
line indicates the total flux and the simulations with lower resolution are omitted
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and w > 0 and ql > 0 (black). The cloud (full circles) and core (triangles) samplings are also indicated for
information. For the bottom panels, the long-dashed black line indicates the total flux

4.2 Sensitivity to the Threshold

Figure 5 also shows that results are highly sensitive to the threshold, especially for the cov-
erage fraction. Taking m = 2 in Eq. 2 induces a reduction of the coverage fraction from
0.17 to 0.05 in the sub-cloud layer. The effect is weaker in the cloud layer. As expected
perturbations of the structures relative to the environment are enlarged (variations of up to
0.1–0.2 K for θl and θv , 0.5 m s−1 for w and 0.25 g kg−1 for rt , the total water vapour mixing
ratio, compared to the reference threshold), nevertheless the shape of the vertical profiles
is unchanged (Fig. 5). Taking m = 2 also reduces the contribution to the liquid potential
temperature and total moisture flux, while taking m = 0 leads to a larger coverage fraction
and smaller perturbations. Note the discontinuity in the contribution to the liquid potential
temperature and the total moisture flux at z = zb + (zt − zb)/4 indicating the inconsistency
between the definition below and above this height. Taking m = 1 gives consistent values of
the fractional coverage with the fraction derived from observations (Sect. 3.1) for the IHOP
case. A fraction ranging from 0.1 to 0.2 in the sub-cloud layer is also consistent with other
observations, for example 0.16 in Greenhut and Khalsa (1982) using the vertical velocity
with a standard deviation threshold. Moreover, m = 1 is the threshold that enables us to
explain the largest contribution to the liquid potential temperature flux despite the relatively
small coverage fraction (compared to m = 0). Therefore, in the following, m = 1 is used.
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Fig. 7 Vertical profiles of the coverage fraction, the vertical velocity (m s−1) and the liquid potential tem-
perature flux (K m s−1) and the total water vapour mixing ratio flux (g kg−1 m s−1) for ARM 1430 LT for
different samplings: sv′ > σsv and w > 0 and ql > 0 (black), r ′

t > σrt and w > 0 and ql > 0 (light grey),
sv′

2 > σsv2 and w > 0 and ql > 0 (dark grey dash-dot-dot line), θ ′
v > σθv and w > 0 (up to 0.8zi , light grey

dash-dotted line) and the 5% highest vertical velocities (light grey dotted line). The cloud (full circles) and
core (triangles) samplings are also indicated for information. For the bottom panels, the long-dashed black
line indicates the total flux

4.3 Sensitivity to the Spatial Filtering

We test here the effect of adding a condition on the horizontal continuity. In practice, we
retain points only if the conditional sampling is satisfied uniformly over more than the cho-
sen length scale in both horizontal directions. Here, a minimum length scale of 150 m is
chosen instead of 50 m implied by the horizontal resolution. This addition induces a slightly
smaller coverage fraction and slightly higher perturbations (not shown). The differences are
mainly noted in the upper half of the cloud layer where the grid points with the largest tracer
concentration are scattered with only part of them composed of groups of more than three
points in both horizontal directions. Nevertheless, as in past studies, a minimum length scale
of 50 m was mainly used (Williams and Hacker 1992, for example), consistent with the hor-
izontal resolution of the simulation. In the following, no minimum size of the perturbations
is imposed.

4.4 Sensitivity to the Additional Condition on the Vertical Velocity

The addition of a condition on the vertical velocity, ensuring that only ascending grid points
are chosen, avoids the selection of air that is detrained and acquires negative vertical velocity,
still characterized by a positive tracer concentration anomaly. The implication of an additional
w condition is illustrated in Fig. 6 by a smaller coverage fraction (dark grey dash-dot-dotted
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lines). This addition also induces a larger vertical velocity. The reduction of the fraction is
progressive in the sub-cloud layer from a difference of 0.003 at the surface to a difference
of 0.016 at the top of the boundary layer as expected with higher detrainment close to the
top of the sub-cloud layer. This modification has no impact on the flux in the sub-cloud layer
suggesting a compensation between the modification of the coverage fraction and of the
vertical velocity. In the cloud layer, the difference of the coverage fraction ranges from 0.02
to 0.07. Downdrafts represent about 15–20% of cloudy parcels in the lower half of the cloud
layer and 30–35% in the upper half. This is consistent with Zhao and Austin (2005), with
more downdrafts in the upper part of clouds. Similarly, the condition on the vertical velocity
excludes the subsiding shells (Heus and Jonker 2008).

4.5 Sensitivity to an Additional Condition on the Liquid Water Content

The previous sampling does not only select cloudy points in the vertical layers where clouds
exist. Therefore, a supplementary condition on the existence of liquid water content is added
above z = zb + (zt − zb)/4 to ensure that above that level only cloudy points are selected.
This level is chosen since it corresponds to the level where the selection of non-cloudy points
is minimum, ensuring vertical continuity. This condition was not directly added at cloud base
to allow the selection of overshooting dry thermals. This addition induces modification in
the upper half of clouds as shown in Fig. 6 with vertical profiles of thermal characteristics
in-between the cloud and core sampling profiles as illustrated for w. It also induces a larger
contribution to the liquid potential temperature and total moisture fluxes in the upper part
of the cloud layer, consistent with the core sampling. The cloudy air not selected by this
new sampling corresponds to, (i) cloudy air with a small concentration of tracer (5% in the
upper part to 15% in the lower part of the cloud layer), (ii) cloudy downdrafts (with more
downdrafts in the upper half than lower half of the cloud layer as indicated previously). This
choice is quite arbitrary and may deserve further considerations.

4.6 Benefits of the use of a Tracer Instead of the Total Water

Figure 7 shows differences between samplings based on rt (grey) and two tracers with differ-
ent lifetimes (15 min for sv, black, and 1 h for sv2, dark grey dash-dot-dot lines). Coverage
fractions are very similar in the cloudy region partly due to the constraint on the liquid water
content. In the sub-cloud layer, the samplings based on the two tracers slightly differ: that
with a longer lifetime has a vertical profile closer to the rt sampling profile. The striking
difference is the vertical decrease followed by an increase of the coverage fraction in the rt

sampling whereas the coverage fraction mainly decreases for the tracer samplings. This is
related to the shape of the rt variance used as a threshold (using a threshold of zero gives
similar results between the tracer and rt ), and reflects the large mixing of rt by coherent
structures in the CBL. This is not the case for the tracer, which is destroyed with a certain
lifetime. In fact, the sv short lifetime induces a very small concentration in the environment
and therefore ensures that only the active thermals, departed from the surface recently, are
selected. The tracer deposited by previous thermals rapidly disappears due to the radioactive
decay. Despite these relatively large differences in the coverage fraction, there are only small
differences in thermodynamic characteristics of thermals as tracer concentration has a similar
behaviour to rt : it is transported upward. Figure 7 also presents the contribution to the liquid
potential temperature and total moisture fluxes of those different conditional samplings. The
conditional sampling is the one that has the largest contribution, justifying the choice of
considering sv instead of rt . Note that in the lower part of the cloud layer, sv or rt samplings
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have a larger contribution to the flux than the cloud and core samplings, emphasizing the role
of overshooting thermals that need to be accounted for in the transition zone. For informa-
tion, the sampling using 5% percentiles of the highest values of w as proposed by Siebesma
et al. (2007) is also presented in Fig. 7 (light grey dotted line). As expected, this criterion
is not adapted in the cloud layer especially in the upper part of the cloud layer (constant
coverage fraction, decreasing θl anomaly in the upper part of the cloud layer). Moreover, in
the sub-cloud layer, its contribution to the total turbulent fluxes is smaller.

5 Contribution to Fluxes and Variances of the Conditional Sampling Structures

With such a sampling, it is possible to quantify the contribution of coherent structures to
the vertical transport. In the following, we distinguish the contribution of the structures
(organized turbulence as expressed by a top-hat representation, first right-hand side (r.h.s.)
in Eq. 4), of the environment (second r.h.s.) and of the in-structure variability (i.e. both the
inter-thermal and intra-thermal variability , third r.h.s.) (see Siebesma and Cuijpers 1995):

a′b′ = α(1 − α)(au − ae)(bu − be) + (1 − α)a′b′e + αa′b′u . (4)

The ‘u’ subscript refers to the average over thermals and the ‘e’ subscript to the average over
the environment. The overbar indexed u (e) denotes a thermal (environmental) average of
the fluctuations, those fluctuations being defined with respect to the thermal (environmental)
average. α is the coverage fraction of thermals. A mass-flux scheme treats the organized
turbulence term; the other two terms are accounted for by an eddy-diffusivity scheme.

Figures 8 and 9 show the contribution of sampled structures to respectively liquid potential
temperature and moisture fluxes and variances. In the cloud layer, coherent structures (sam-
pled by the conditional sampling, dotted lines) are responsible for almost 100% of the vertical
turbulent flux as illustrated in Figs. 8 and 9 for the liquid potential temperature and moisture
fluxes. The addition of the cloud condition does not modify the contribution to the turbulent
transport except at the top of clouds (not shown). This correct representation in the cloud
layer was already shown by Siebesma and Cuijpers (1995) for the core sampling. Yet, the core
sampled structures underestimate the fluxes near cloud base whereas the conditional sam-
pling structures correctly represent the total flux in the transition zone from the sub-cloud
to the cloud layer. In the sub-cloud layer, the coherent structures explain about 50–60% in
the lower part, and about 60–80% for the moisture flux and 70–90% for the liquid potential
temperature flux in the upper part of the sub-cloud layer. For the moisture flux, this is partly
due to the strong contribution of the dry tongues, identified by descending dry air (r ′

t < −σrt

and w < 0) as already shown by Couvreux et al. (2005, 2007). Dry tongues have a smaller
impact on the liquid potential temperature flux even though they are responsible for a small
vertical shift of the flux up to the cloud base. Small-scale processes also contribute to fluxes as
shown by Siebesma et al. (2007) emphasizing the relevance of combining an eddy-diffusivity
scheme with a mass-flux scheme.

This sampling can also be used to analyze the contribution of coherent structures to vari-
ances. As shown by Wang and Stevens (2000), the top-hat representation fails to simulate the
complete variance due to the equal contribution of each fluctuation, implying a strong contri-
bution of small-scale processes. This was also previously demonstrated based on theoretical
grounds assuming jointly Gaussian distributions of w and scalars by Wyngaard and Moeng
(1992). Only about 30–40% of the variance is accounted for by the coherent structures in
the sub-cloud and cloud layer (Figs. 8, 9). These results hold for the various cases and the
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Fig. 8 Contribution to liquid potential temperature a flux and b variance of the CS structures (black line),
the dry tongues (dotted dark grey line) and the core structures (dash-dot light grey line) for ARM 1430 LT.
The long-dashed black (respectively dashed dark-grey) lines corresponds to the total flux or variance (resp.
the sum of the contribution of the CS and the dry tongues)
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Fig. 9 Contribution to total water vapour mixing ratio a flux and b variance of the CS structures (black line),
the dry tongues (dotted dark grey line) and the core structures (dash-dotted light grey line) for ARM 1430 LT.
The long-dashed black (respectively dashed dark-grey) lines corresponds to the total flux or variance (resp.
the sum of the contribution of the CS and the dry tongues)

different times. The dry tongues also significantly contribute to the moisture variance as
shown in Fig. 9.

Using the conditional sampling, we have determined here the contribution to fluxes and
variances of thermals from the surface to the top of the cloud layer and therefore comple-
mented the study of Wang and Stevens (2000). It highlights that thermals explain most of the
fluxes in the cloud layer and (although to a lesser extent) in the sub-cloud layer. Nevertheless,
conditional sampling suggests potential future improvements for boundary-layer schemes by
taking into account the entrainment structures that are also coherent structures as suggested
by Couvreux et al. (2007) and improving the representation of small-scale variability. In
particular, the latter is necessary when the variance is used to diagnose the cloud cover.
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6 Conclusion

In the present study, we addressed the question of the design of a conditional sampling on
LES results well suited for the evaluation and improvement of CBL mass-flux parametriza-
tions. We defined a conditional sampling that explains the largest fraction of the turbulent
vertical flux of large-scale conserved variables (like θl and rt ), but with the smallest fraction
of the domain in order to only select the convective plumes accounted for by the mass-flux
schemes.

For the first time to our knowledge, a conditional sampling that characterizes thermals
continuously from the surface to the top of the dry or cloudy boundary layers in LES is
proposed. This sampling characterizes the bottom-up transport and is based on the use of a
tracer emitted at the surface with a lifetime of a fraction of hour. Its ability to select ther-
mals is evaluated for cloud-free and cloudy boundary layers against observations and more
traditional conditional samplings (the θv sampling up to 0.8zi and the cloud and core sam-
plings). The new sampling enables us to describe the transition zone from the sub-cloud to
the cloud layer. Moreover, it explains similar contribution to fluxes than given by a buoyancy
sampling in the lower part of the boundary layer, and than given by a cloud/core sampling
in the cloudy part. The sampling is done with a 1σ threshold on the tracer, which is shown
to give the smallest coverage fraction with no reduction of the total flux accounted for (with
respect to a less restrictive sampling).

This new conditional sampling is used in Part II of our study (Rio et al. 2010) to eval-
uate and improve a boundary-layer thermal parametrization, the thermal plume model of
Rio and Hourdin (2008). In particular, it is used to validate a new formulation for fractional
entrainment and detrainment rates.

The new conditional sampling relies on a virtual tracer. For links with observations or
as a practicable alternative for model evaluation, total water can be used instead. The vir-
tual potential temperature is also adapted for studies focusing only on the lower part of the
boundary layer. When radar images are available, they can also be used directly for sam-
pling, since radar echoes are sensitive to insects coming from the surface, which play a
role similar to our passive tracer. Similar remarks probably hold for aerosol Lidar observa-
tions.

The new conditional sampling accounts for a very large fraction of the liquid potential
temperature flux above cloud base. Below 0.6zi , it accounts for only 50–60%, but the other
40–50% is due to small-scale non-organized structures that are not intended to be represented
by the mass-flux scheme, but rather by turbulent diffusion approaches. This demonstrates
that the combination of an appropriate mass-flux parametrization of the buoyant convective
structures with turbulent diffusion should be able to properly represent the liquid potential
temperature flux.

The situation is a little different for total water, for which the dry tongues (coherent struc-
tures of dry air descending from the free troposphere into the CBL, Couvreux et al. (2007))
are responsible for a significant part of the flux up to the cloud base. Note that the dry tongues
are also responsible for a small vertical shift of the total flux of liquid potential temperature in
the transition zone. These dry tongues may thus require further development of the mass-flux
parametrization in the future.

If needed, a good representation of the variance for one particular variable requires an
additional parametrization for the sub-structure or intra-structure variance, which explains
more than half of the total variance.
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